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The geometry of the axial ligands of the hemes in the triheme cytochrome PpcA from Geobacter sul-
furreducens was determined in solution for the ferric form using the unambiguous assignment of
the NMR signals of the a-substituents of the hemes. The paramagnetic 13C shifts of the hemes can
be used to deﬁne the heme electronic structure, the geometry of the axial ligands, and the magnetic
susceptibility tensor. The latter establishes the magnitude and geometrical dependence of the
pseudocontact shifts, which are crucial to warrant reliable structural constraints for a detailed
structural characterization of this paramagnetic protein in solution.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The bacterium Geobacter sulfurreducens (Gs) shows an extraor-
dinary versatility toward electron acceptors. In addition to soluble
acceptors, Gs cells can also utilize extracellular terminal electron
acceptors such as Fe(III), U(VI) and Cr(VI) oxides. Some of these
metals are toxic or radioactive and bioremediation applications
envisaging their removal from the environment are currently
under development [1,2]. The capacity to utilize solid substrates
also allows Gs cells to transfer electrons to electrode surfaces [3],
which led to the design of Gs-based microbial fuel cells [3]. In this
context, efforts to understand the structural/functional relation-
ships of the electron transfer components of the Gs respiratory
chains are important for enhancing the envisaged biotechnological
applications.
The entire genome of Gs was sequenced and encodes for an
impressive amount of multiheme c-type cytochromes [4]. Amongchemical Societies. Published by E
eme cytochrome encoded by
riheme cytochrome; NOESY,
elation spectroscopy; HSQC,
ro), csalgueiro@dq.fct.unl.ptthese, a small triheme cytochrome c7 encoded by gene GSU0612
(PpcA) was shown to be important for the reduction of extracellu-
lar insoluble metals such as Fe(III) oxides [5]. These observations
suggested an important role of PpcA in bridging the electron trans-
fer between the cytoplasmic membrane and cell exterior [6,7]. The
crystal structure of the ferric PpcA was determined [8]. The three
heme groups in PpcA are arranged similarly to tetraheme cyto-
chromes c3 (excepted for heme II and the corresponding fragment
of the polypeptide chain, which are absent) and have bis-histidinyl
axial coordination. Thus, to be consistent with the literature, the
heme groups are numbered I, III and IV (Roman numerals indicate
the heme in the order of attachment to the CXXCH motif in the
polypeptide chain) [6,9,10]. Four PpcA homologs were identiﬁed
in Gs and their crystal structures recently determined [11]. The
structure of these four cytochromes, as well as that of the homol-
ogous cytochrome c7 from Desulfuromonas acetoxidans (Dac7) differ
from that of PpcA [11]. The PpcA structure in the crystal was al-
tered in order to accommodate the bound deoxycholate molecule
that was required for crystallization of PpcA but not for the other
homologs. The deoxycholate molecule is lodged by a loop that con-
tains an axial histidine of heme I. This alters the conformation of
this loop and displaces heme I from the consensus position. There-
fore, PpcA structure in solution is expected to be different from the
crystal structure. Indeed, preliminary structural studies carried out
in solution using NMR spectroscopy showed that the heme-corelsevier B.V. All rights reserved.
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more similar to the structure of the other Ppcs [12]. Consequently,
the oxidised structure of PpcA needs to be probed in the absence of
deoxycholate. This need is reinforced by the observation that the
redox properties of PpcA, PpcB and Dac7 reveal important func-
tional differences between the three proteins [6,10,12]. NMR can
be used to obtain high quality solution structures of low-spin para-
magnetic proteins provided that paramagnetic constraints are used
in the structure reﬁnement [13]. This requires that the orientation
of the magnetic axes generated by the unpaired electron and the
shape of the magnetic susceptibility tensor are known [14–16].
Such information can be obtained from the pattern of paramag-
netic shifts of the substituents at the periphery of the hemes (here-
after a-substituents) [17,18] that also deﬁnes the electronic
structure of the hemes and the relative orientation of the aromatic
planes of the axial histidines [17–21]. In PpcA the heme groups are
diamagnetic (S = 0) in the reduced form and low-spin paramag-
netic in oxidised (S = 1/2) form. In this work, the paramagnetic
chemical shifts of the heme signals were used to determine the
electronic structure of the three hemes in PpcA. The orientation
of the aromatic planes of the axial histidines was deﬁned and the
orientation of the magnetic axes relative to each heme was estab-
lished. This sets the stage for the solution structure determination
of the oxidised form of PpcA.
2. Materials and methods
2.1. Sample preparation and NMR experiments
The triheme cytochrome PpcA was expressed in Escherichia coli
and puriﬁed, as described previously [12]. The protein was lyoph-
ilized twice with 2H2O (99.96% atom). A protein solution (1 mM)
was prepared in 80 mM sodium phosphate buffer at pH 7.1 with
250 mM ﬁnal ionic strength adjusted with NaCl. NMR spectra were
obtained before and after the lyophilization to conﬁrm that the
protein integrity was not affected. NMR experiments were per-
formed on a Bruker AV-600 spectrometer equipped with a triple-Fig. 1. 1H–13C-HSQC spectrum of PpcA in the oxidised state at 298 K and pH 7.1. Labels
numbers for the three hemes in the order of their binding sites in the protein sequenceresonance cryoprobe (TCI) at 289, 298 and 307 K. 2D-nuclear over-
hauser spectroscopy (NOESY) NMR spectra were collected with a
mixing-time of 80 ms and a sweep width of 24 kHz in both dimen-
sions. 2D-total correlation spectroscopy (TOCSY) NMR experiments
were performed with 40 ms mixing-time and a sweep width of
24 kHz. The 1H–13C-heteronuclear single quantum coherence
(HSQC) NMR spectra obtained from natural abundance samples
were acquired with a sweep width of 24 kHz in F2 and 53 kHz in
F1. 1D–1H NMR spectra were measured at various temperatures
to follow the temperature dependence of all the heme methyl sig-
nals. 1H chemical shifts were calibrated using the water signal as
internal reference and the 13C chemical shifts calibrated through
indirect referencing [22].
2.2. Determination of the axial ligand geometry
The 13C chemical shifts of the a-substituents of the hemes of
PpcA at 289, 298 and 307 K were ﬁt to a semi-empirical model of
the heme molecular orbitals [17], which is summarised below.
Average values of chemical shifts measured in several cytochromes
were used as diamagnetic reference [23] and the hyperﬁne cou-
pling constant was ﬁxed at 36 MHz [17]. The ﬁtting was per-
formed using the Nelder–Mead Simplex algorithm implemented
in MATLAB.
2.3. Model of the heme molecular orbitals
The model used in this work to obtain structural information on
the heme axial ligands was previously described [21]. Brieﬂy, when
the heme is oxidised the unpaired electron on the iron d orbitals
can delocalize into the porphyrin p orbitals. The 13C chemical shifts
of the a-substituents of the hemes are proportional to the fraction
of occupancy of the unpaired electron in the adjacent carbon
belonging to the conjugated p system. Therefore the shape of the
frontier molecular orbitals of the porphyrin can be deduced from
the pattern of paramagnetic shifts. This shape is deﬁned by the ori-
entation of the rhombic perturbation (h) that mixes the frontierindicate the heme substituents according to IUPAC-IUB nomenclature with Roman
.
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orbitals (DE). The orientation of the rhombic perturbation is known
to agree with the orientation of the bisector of the acute angle de-
ﬁned by the normals to the planes of the axial ligands in several
bis-histidine cytochromes [24]. It is deﬁned relative to the NC–NA
axis of the porphyrin with positive angles between NC–NB–NA
[23]. The energy splitting parameter DE has a similar value to
the rhombic splitting of the Kramers doublets that arise from mix-
ing dxz and dyz orbitals of the iron when it is in a cubic crystal ﬁeld
with axial and rhombic distortions [23] and was found to relate to
the acute angle b between the axial ligand planes via the empirical
equation DE = (5 + cos4h)cosb [17]. This information allows the
magnetic axes to be placed relative to the heme frame considering
that the zz axis is normal to the heme plane and the rhombic per-
turbation and the yy axis are related by a counter-rotation [18–20].
3. Results
3.1. Resonance assignment
The assignment of the heme a-substituents in the oxidised state
beneﬁts from the unambiguous assignment of the hememethyls inTable 1
Structural assignment of the 1H and 13C resonances (ppm) to the a-substituents of the
three hemes of PpcA at 289, 298 and 307 K, pH 7.1.
T (K) Group Heme I Heme III Heme IV
307 13C 1H 13C 1H 13C 1H
21 33.86 17.17 22.38 11.99 30.59 14.31
31 11.23 1.18 19.10 -2.10 5.06 1.10
71 22.25 10.92 39.09 17.64 21.68 10.77
81 6.88 3.76 4.705 0.26
121 47.72 20.34 21.61 13.09 37.32 18.35
131 15.71 7.18 53.95 19.20 16.38 6.90
2.35 15.97 3.99
171 5.76 3.50 14.51 5.62 11.86 4.37
1.452 3.932 2.708
181 36.58 16.11 1.81 1.19 35.05 14.61
298 21 36.57 17.72 23.86 12.15 32.42 14.49
31 13.97 0.89 21.58 2.59 6.73 0.83
71 23.43 10.58 41.30 18.02 23.18 10.88
81 8.49 4.39 6.42 0.08
121 50.53 21.09 22.81 13.22 39.17 18.54
131 18.02 7.22 57.80 19.75 18.28 6.84
2.16 16.23 3.59
171 6.76 3.01 16.13 5.63 13.49 4.15
0.89 3.74 2.42
181 37.83 15.74 1.91 0.70 36.70 14.65
289 21 38.73 18.28 25.01 12.32 33.91 14.70
31 16.04 0.64 23.52 -2.95 8.04 0.55
71 24.27 10.27 43.13 18.37 24.36 11.00
81 9.59 4.86 7.84 0.38
121 53.27 21.76 23.67 13.35 40.52 18.73
131 19.74 7.30 59.92 20.25 19.87 6.82
2.08 16.50 3.24
171 7.45 2.63 17.44 5.69 14.79 4.01
0.43 3.60 2.21
181 38.8 15.58 1.88 0.35 37.93 14.71
Table 2
Comparison between the molecular orbital parameters obtained by ﬁtting the 13C signals o
X-ray structure [8]. The parameter b was calculated from the energy splitting of the molecu
the molecular orbitals parameters ﬁt to the experimental data assuming that the chemical
structure are different due to the inﬂuence of deoxycholate present in the crystal and are
Parameter Heme I Hem
NMR X-ray NMR
h () 70.01(0.02) 14 66.90
DE (kJ/mol) 1.35(0.05) – 3.54(
b () 74 56 42the fully reduced protein. These assignments can be followed to
their ﬁnal position in the fully oxidised protein using 2D-EXSY
NMR spectra, a procedure well established for low-spin multiheme
cytochromes [25,26]. Homonuclear 2D-NMR experiments includ-
ing NOESY, COSY and TOCSY were previously acquired and used
to assign the twelve heme methyl proton signals in the diamag-
netic ferrocytochrome PpcA [12]. In the case of PpcA, only four
heme methyl signals could be assigned with conﬁdence to their ﬁ-
nal position in the paramagnetic protein: 21CH3I, 121CH3I, 71CH3III,
121CH3IV (numbered according to the IUPAC-IUB nomenclature for
the heme substituents [27]). The 13C and 1H resonances of the
remaining heme methyls as well as those of the other nuclei di-
rectly attached to the hemes were speciﬁcally assigned in the oxi-
dised protein by combining the data from NOESY, TOCSY and
1H–13C-HSQC (Fig. 1) NMR experiments, following the strategy ﬁrst
described for Desulfovibrio vulgaris (Hildenborough) cytochrome c3
[21,28]. All assignments are listed in Table 1.
3.2. Axial ligands geometry
The model for analysing the 13C shifts of heme signals in terms
of the heme molecular orbitals is only valid for low-spin hemes
[21]. All heme methyl signals, including those at lowest ﬁeld, dis-
play a linear dependence of the chemical shift with temperature,
which indicates that there are no signiﬁcant contributions from
high-spin states in the temperature range 289–307 K (Fig. 1
Supplementary data) and thus that the model can be applied.f the a-substituents of the heme and the geometry of the axial ligands reported in the
lar orbitals [17]. The values in parenthesis indicate the standard error associated with
shifts have an experimental uncertainty of 1 ppm. Values measured from the crystal
included for comparison.
e III Heme IV
X-ray NMR X-ray
(0.01) 51 63.25(0.04) 81
0.08) – 0.67(0.05) 
19 84 89
Fig. 2. Orientation of the heme axial ligands and experimental and calculated shifts
of the heme substituents. The ﬁrst and second columns represent the orientations
of the planes of the axial histidines reported in the X-ray structure and determined
from NMR data in this work, respectively. The orientation of the rhombic
perturbation and of the vyy magnetic axis for each heme is also represented on
the second column. The heme pyrrole rings are identiﬁed according to the Fisher
nomenclature at the top left. The third and fourth columns represent the
experimental and calculated 13C NMR paramagnetic shifts of the heme a-substit-
uents, respectively. Each line is oriented from the center of the heme to the
respective carbon with length proportional to the paramagnetic shift.
L. Morgado et al. / FEBS Letters 584 (2010) 3442–3445 3445The orientation of the heme axial histidine planes was deduced
from the pattern of 13C NMR paramagnetic shifts of the a-substit-
uents of the hemes at the three temperatures (Table 2). These ori-
entations are compared with the data from X-ray structure in
Fig. 2. The experimental and calculated paramagnetic 13C shifts
of the a-substituents to the porphyrin ring are also depicted in this
ﬁgure, showing that the pattern of shifts obtained by ﬁtting the
model to the data is well described by the model of the heme
molecular orbitals.
4. Discussion and conclusion
Fig. 1 shows the assignment of 96% of the paramagnetic a-sub-
stituents heme signals in the 1H–13C-HSQC NMR spectrum. As re-
ported in Table 1, only the 81CHIII group could not be conﬁdently
assigned since it is located in spectral regions which are crowded
both in the proton and carbon frequencies.
The results reported in Table 2 show that the geometries of the
axial histidine planes are different for the three hemes. This is ob-
served for the acute angle between the heme axial histidine planes
(b) as well as for the orientation of those planes relative to the NC–
NA axis of the porphyrin (h). Indeed, planes of the axial histidines of
heme IV and I are nearly perpendicular whereas those of heme III
are approximately parallel, with heme III showing the smaller b va-
lue. The angle h in heme III is also signiﬁcantly different from those
of hemes I and IV. Furthermore, these geometries are signiﬁcantly
different to those reported in the crystal structure [8] conﬁrming
that the bound deoxycholate molecule in the crystal structure of
PpcA modiﬁed the geometry of the heme axial ligands relative to
what is observed in solution. Therefore, the determination of axial
ligand geometric parameters in solution is required for estimating
pseudocontact shifts, a crucial step to warrant reliable structural
constraints for a detailed structural characterization of the solution
structure of oxidised PpcA. Indeed, accurate information on the
geometry of heme axial ligands is essential to warrant reliable
structural constraints to assist in the solution determination of
paramagnetic heme proteins [16,29]. This is particularly important
for the heme ligands since paramagnetic relaxation bleaches NOE
connectivities to the imidazole protons leaving the geometry of
the heme pocket poorly deﬁned. The present results will be used
to generate paramagnetic constraints to include in the future
reﬁnement of a solution structure of the oxidised PpcA.
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